In intercellular communications, signal proteins are transmitted via several different ways, one of which is mediated by extracellular vesicles (EVs). Cells release different types of EVs, including exosomes, microvesicles, and apoptotic bodies, which are distinguished by their biogenetic pathways[@b1][@b2][@b3][@b4]. Exosomes, which are nanomembranous vesicles ranging in size from 40 to 100 nm in diameter, are originally formed within multivesicular bodies (MVBs) as intraluminal vesicles (ILVs) by inward budding of endosomes and are released upon fusion of MVBs with the plasma membrane[@b5]. Most exosomes are rich in characteristic proteins, including tetraspanins CD9, CD63, and CD81, as well as heat-shock proteins such as Hsp70[@b6]. In addition, exosomes are enriched in components involved in the biogenesis of MVBs such as ESCRT (the endosomal sorting complex required for transport)-related proteins, including tumor susceptibility gene 101 protein (Tsg101)[@b6][@b7]. Exosomes also contain some specific cytoplasmic proteins such as actin, annexins, and glyceraldehyde-3-phosphate dehydrogenase and membrane microdomain proteins including flotillins[@b6].

Accumulating evidence suggests that exosomes appear to be heterogeneous in terms of their molecular and physical characteristics. Several studies indicated that cells secrete different populations of exosomes, which can be separated by sucrose density-gradient ultracentrifugation[@b8][@b9][@b10][@b11]. Other evidence also indicates that different exosome populations are enriched in distinct exosome markers that are secreted from many types of cells[@b6]. The formation of such different populations of exosomes appears to be distinctly regulated. For instance, the release of exosomes bearing CD63 and Hsp70 is dependent on syndecans or their cytoplasmic adaptor syntenin, but the release of flotillin-positive exosomes is not[@b12]. In addition, potential heterogeneity in exosome formation inside MVBs is also suggested. While the ESCRT machinery is a well characterized sorting mechanism involved in ILV formation in MVBs, an ESCRT-independent mechanism has also been described[@b13][@b14][@b15]. These findings raise the question as to whether the heterogeneity of exosomes is relevant to the regulation of intercellular communications via exosomes.

Epithelial cells are one of the cell types that release exosomes. In polarized epithelial cells, intracellular membrane traffic, including MVB delivery to the plasma membrane, is asymmetric. Probably related to this asymmetry, the polarized delivery of exosomes has been described in several cases[@b16][@b17][@b18]. For instance, αβ crystallin-carrying exosomes are secreted from the apical side of retinal pigment cells[@b18]. Interestingly, proteome analysis of 2 distinct populations of exosomes released from cells of a human colon carcinoma cell line revealed that molecules trafficking to the apical or basolateral side are differently enriched in these 2 exosome populations, suggesting that epithelial cells release different populations of exosomes from their apical and basolateral surfaces[@b19]. Thus, some cargos appear to be selectively sorted into different exosomes depending on epithelial polarity, although the precise mechanism underlying polarity-dependent cargo secretion via exosomes remains unclear.

Wnt proteins, which mediate intercellular signaling during embryogenesis and homeostasis[@b20][@b21][@b22], are known to be cargos packaged in exosomes[@b23][@b24][@b25][@b26][@b27]; although it is still debatable whether exosomes play a role as the major conveyors of Wnt proteins. The epithelial cell is one of the sources of Wnt production in developing and adult tissues[@b28][@b29]. In epithelial cells, Wnt appears to be synthesized and secreted in a polarity-dependent manner. For instance, in Drosophila embryos, the mRNA and proteins of Wingless (Wg), the main Drosophila Wnt, accumulate in the apical region of epithelial cells[@b29][@b30][@b31][@b32]. In contrast to this cytoplasmic localization, Wg is extracellularly concentrated on the basolateral surface of its producing cells in imaginal discs[@b29][@b32]. A recent study revealed that Wg is presented first on the apical surface of these cells and then is transferred to the basolateral one via transcytosis[@b33]. On the other hand, experiments with cultured epithelial cells indicated that mouse Wnt11 secretion mainly occurs at the apical side and that Wnt3a is preferentially secreted from the basolateral side[@b34]. Given that extracellular movement is not identical between apically and basolaterally secreted Wnt proteins, it appears an important issue to reveal the molecular basis involved in a polarity-dependent secretion of Wnt.

Since the exosome-mediated release of proteins is likely to be dependent on the epithelial polarity, it seems plausible to speculate that exosome-mediated transportation is a candidate system involved in a polarity-dependent secretion of Wnt proteins. Interestingly, flotillin2 (Flo2; also referred to as reggie1), which is abundant in caveolae/lipid rafts and exosomes, stimulates the apical secretion of Wg. Upon overexpression of Flo2, Wg diffusion is increased in the apical surface of the epithelial sheet of the wing disc; whereas knockdown of reggie1 affects the Wg signaling at the apical side[@b35]. Since Flo2 is involved in the long-range activation of Wg signaling, it seems possible that exosome-mediated Wnt transport is involved in the polarized secretion and possibly in regulation of the signaling range of Wnt proteins[@b35][@b36]. However, it still remains to be elucidated whether Wnt-associated exosomes are secreted in an apico-basal polarity-dependent manner and, if this is the case, how its polarized distribution is regulated in the biogenesis of exosomes. To answer these questions, we examined exosome-mediated secretion of Wnt proteins by utilizing Madin-Darby canine kidney (MDCK) cells, which can generate a properly polarized epithelial sheet in culture[@b37]. We found that heterogeneous populations of exosome-like extracellular vesicles were secreted in a polarity-dependent manner and that the secreted Wnt proteins were differently packaged into distinct populations of vesicles depending on the cell polarity.

Results
=======

Heterogeneity of exosomes secreted from MDCK cells
--------------------------------------------------

To characterize Wnt proteins secreted from polarized epithelial cells, we established MDCK type II cells stably expressing mouse Wnt3a (MDCK-3a). Parental MDCK and MDCK-3a cells were cultured to form a polarized monolayer on a filter support[@b37], which can separate the apical and basolateral compartments, as shown in [Supplemental Fig. S1a](#S1){ref-type="supplementary-material"}. After confirmation of epithelial sheet formation by monitoring the transepithelial resistance value, we cultured the cells for 24 hours, with replacement of the medium with the same amount of fresh medium at both the apical and basolateral sides. Equal amounts of conditioned medium from the apical and basolateral sides were collected, and the amounts of secreted Wnt3a were examined by Western blotting. As previously reported, the majority of Wnt3a was secreted basolaterally in polarized MDCK-3a cells, whereas a lesser amount of it could also be detected in medium collected from the apical side ([Supplemental Fig. S1b,c](#S1){ref-type="supplementary-material"})[@b34].

By using this system, we examined whether Wnt3a secreted from polarized epithelial cells was associated with exosomes. Conditioned medium from either the apical or basolateral side of MDCK and MDCK-3a cells was collected after 24 h of incubation as stated above and then subjected to ultracentrifugation to pellet the exosomes according to a standard exosome-enrichment protocol[@b38]. Specifically, the conditioned medium was centrifuged at 2000 × g to remove dead cells, followed by centrifugation at 10,000 × g to eliminate cell debris and any large-sized vesicles such as apoptosis vesicles. The collected supernatants were referred to as the S10 sup, which was then ultracentrifuged at 100,000 × g to pellet the small-sized vesicles. Since it was earlier shown that exosomes are abundant in this pellet[@b38], this pellet was referred to as the exosome pool or P100 pellet, with the resulting supernatant indicated as the S100 sup.

Several proteins that have been described to be abundant in exosomes were differently recovered in P100 pellets prepared from conditioned medium taken from the apical and basolateral sides of parental MDCK cells ([Supplemental Fig. S2](#S1){ref-type="supplementary-material"}) and MDCK-3a cells ([Fig. 1](#f1){ref-type="fig"}). In these cell populations, Tsg101 was mainly detected in the P100 pellet obtained from the basolateral side whereas CD63, CD81, and Hsp70 were preferentially recovered in that from the apical side ([Fig. 1a](#f1){ref-type="fig"}, [Supplemental Fig. S2a](#S1){ref-type="supplementary-material"}), suggesting that different populations of the exosomes may have been selectively secreted in a cell polarity-specific manner.

To examine this possibility more precisely, we further fractionated P100 by using continuous sucrose-gradient ultracentrifugation. Since previous studies showed that heterogeneous populations of exosomes can be separated under a certain condition of sucrose-gradient ultracentrifugation, we fractionated P100 under a condition almost identical to that described previously[@b11]. We loaded apical or basolateral P100 on the bottom, not on the top, of the sucrose gradient and then performed ultracentrifugation for 18 hrs. Under almost same condition, that is, centrifugation at 100,000 × g for 16 hrs, Willms *et al*. recovered exosomes in 2 populations, one corresponding to the typical density range of exosomes (1.12--1.19 g/ml) and the other showing a higher density[@b11]. Although these two populations are distinct after 16 hrs of centrifugation, the higher density population then becomes to equilibrate at the typical exosome density (1.12--1.19 g/ml) after 72 hrs of centrifugation. Thus, the higher density population appears to be a subpopulation of exosomes displaying delayed floatation behavior[@b11].

In the fractions of the basolateral P100 pellet, Tsg101 was mainly recovered in fractions of density between 1.13 and 1.18 g/mL, where typical exosomes are detected ([Fig. 2b](#f2){ref-type="fig"} and [Supplemental Fig. S2c](#S1){ref-type="supplementary-material"}). In contrast, in the apical P100 fractions, CD63 was mainly recovered in higher density pools with a peak around 1.24 to 1.26 g/mL; although a small amount of this protein was also detected in lower density fractions ([Fig. 2a](#f2){ref-type="fig"} and [Supplemental Fig. S2b](#S1){ref-type="supplementary-material"}). Furthermore, Hsp70 in the apical P100 was separately recovered in fractions covering both the typical exosome pool and CD63-enriched high-density pool ([Fig. 2a](#f2){ref-type="fig"} and [Supplemental Fig. S2b](#S1){ref-type="supplementary-material"}). Flo2 in the apical P100 was also broadly distributed, but mostly recovered in fractions of density between 1.18 and 1.21 g/mL, close to, but slightly higher than the typical exosome density; although a small amount of Flo2 was also detected in the CD63-enriched higher density pool ([Fig. 2b](#f2){ref-type="fig"} and [Supplemental Fig. S2b](#S1){ref-type="supplementary-material"}). Thus, exosome markers recovered in the basolateral P100 were detected mainly in fractions with typical exosome density, whereas those in the apical one were recovered in 2 distinct pools that differed in their floatation behavior during sucrose-density gradient ultracentrifugation. These results suggest that exosomes, or exosomes-like vesicles, secreted from MDCK cells appeared to be heterogeneous in terms of secretory polarity, behavior during density ultracentrifugation, and composition of marker proteins. We refer to vesicles with densities close to those of the typical exosomes (1.10--1.20 g/mL)[@b39] as conventional exosomes and those with higher density in the centrifugation condition of this study as high-density (HD) vesicle.

Wnt3a was associated with different populations of vesicles secreted distinctly from the apical and the basolateral sides of MDCK cells
---------------------------------------------------------------------------------------------------------------------------------------

Western blot analysis of the P100 pellet prepared from MDCK-3a cells showed that small but detectable amounts of Wnt3a were reproducibly recovered from both the apical and basolateral pellets ([Fig. 1b](#f1){ref-type="fig"}). However, we could not precisely estimate the recovery of Wnt3a proteins in these pellets, because it was difficult to dissolve the pellet completely. On the other hand, we confirmed that both apical and basolateral P100 pellets could significantly activate Wnt/β-catenin signaling by monitoring the β-catenin protein level in cadherin (−) L cells, in which β-catenin is undetectable without the addition of Wnt proteins. In terms of the specific activities (the ratios of β-catenin activation to Wnt3a expression), those of Wnt3a in the P100 pellets were lower than the average of the specific activity in the culture supernatant ([Fig. 1c--f](#f1){ref-type="fig"}). The specific activity in the apical conditioned medium was almost similar to that in the basolateral one ([Supplemental Fig. S1d,e](#S1){ref-type="supplementary-material"}), and also we could not find significant difference in the specific activity between apical and basolateral P100 pellets ([Fig. 1d,f](#f1){ref-type="fig"}).

Analysis with sucrose-gradient ultracentrifugation showed that basolaterally released Wnt3a proteins in the P100 pellet were distributed in fractions of density between 1.14 and 1.18 g/mL (Fractions 9\~12, [Fig. 2b](#f2){ref-type="fig"}), where Tsg101 was detected, suggesting that a certain amount of Wnt3a could be secreted via conventional exosomes from the basolateral side of MDCK-3a cells. On the other hand, Wnt3a from the apical surface was detected only in fractions with a density corresponding to that of the HD vesicles (1.22--1.26 g/mL; Fractions 15--18 [Fig. 2a](#f2){ref-type="fig"}). This form of Wnt3a was co-fractionated with CD63 ([Fig. 2a](#f2){ref-type="fig"}). Calreticulin, which is an ER marker, was not detected in the Wnt3a-positive pools prepared from either basolateral or apical P100, suggesting that these 2 forms of Wnt3a were not associated with ER fragments released by cell death ([Fig. 2a,b](#f2){ref-type="fig"}). These results suggest that Wnt3a was secreted in association with different populations of vesicles depending on the cell polarity.

Since most of the apically secreted Wnt3a recovered in the P100 pellet was co-fractionated with CD63, we further examined whether Wnt3a and CD63 actually co-existed on the same particle, or alternatively, whether some structure bearing these 2 molecules had a similar density. To differentiate between these possibilities, we used CD63-antibody-coated aldehyde-sulfate latex beads to capture CD63-containg structures, as described earlier[@b40], and examined the co-existence of Wnt3a by immunoprecipitation and Western blotting. Compared to the IgG-coupled isotype control, CD63-coated beads trapped higher amounts of Wnt3a than did the control ones ([Fig. 2c](#f2){ref-type="fig"}), indicating that Wnt3a and CD63 resided on the same particle. Immuno-electron microscopy indicated that Wnt3a proteins in the apical and basolateral P100 pellets were associated with particles around 100 nm in diameter, like exosomes ([Fig. 2d](#f2){ref-type="fig"}). Thus, we concluded that apically and basolaterally secreted Wnt3a proteins were distinctly associated with different populations of exosomes, or exosome-like extracellular vesicles.

Apically secreted Wnt11, like Wnt3a, was similarly associated with high density vesicles
----------------------------------------------------------------------------------------

There are 19 members of the Wnt protein family in humans and mice, but it has been barely examined whether these different Wnts are secreted in association with exosomes. Since Wnt11 is differently secreted than Wnt3a with respect to apico-basal polarity[@b34], we next examined whether mouse Wnt11 was secreted in association with exosomes from MDCK cells or not. In agreement with previously published observations[@b34], Wnt11 was mainly secreted into the apical compartment when Wnt11-expressing MDCK cells were cultured in transwells ([Fig. 3a](#f3){ref-type="fig"}). Wnt11 was not detectable in the P100 pellet prepared from culture medium collected from the basolateral side. Furthermore, sucrose density-gradient centrifugation indicated that no association of Wnt11 with typical exosomes was detected when conditioned medium from either the apical or basolateral side was examined ([Fig. 3b](#f3){ref-type="fig"} and data not shown). Instead, Wnt11 proteins were fractionated with a peak in the high-density fractions (1.24\~1.28 g/mL); and they co-fractionated with CD63 ([Fig. 3b](#f3){ref-type="fig"}). Thus, Wnt11 proteins were not secreted with conventional exosomes; but some of them seemed to be secreted from the apical side in a subpopulation of extracellular vesicles similar to the HD vesicles.

Variation of Wnt3a-associated vesicle populations secreted from L and HEK293 cells
----------------------------------------------------------------------------------

Wnt3a with a similar density was also detected when the P100 pellets prepared from L and HEK (Human embryonic kidney) 293 cells were analyzed. In the P100 pellet from the L cells, 2 different sub-populations based on density were detected ([Supplemental Fig. S3a](#S1){ref-type="supplementary-material"}). One was distributed in fractions (Fractions 9\~13) with a density between 1.15\~1.18 g/mL; and the other, in those with one between 1.23\~1.27 g/mL (Fractions 16\~18). These 2 forms of Wnt well corresponded to the conventional exosomes and the HD vesicles, respectively ([Supplemental Fig. S3a](#S1){ref-type="supplementary-material"}). On the other hand, most of the Wnt3a proteins in the P100 pellet of Wnt3a-expressing HEK293 cells was distributed into fractions (Fractions 17\~19) with a density between 1.25\~1.29 g/mL, similar to the HD vesicles ([Supplemental Fig. S3b](#S1){ref-type="supplementary-material"}). These results indicate that Wnt3a was secreted via several different populations of vesicles depending on the cell type.

The lipidation site was indispensable for Wnt3a loading onto the basolateral exosomes but not for association with the apical vesicles
--------------------------------------------------------------------------------------------------------------------------------------

Wnt proteins generally require a specific lipidation for their secretion[@b41]; but in several exceptional cases, Wnt is secreted in a lipidation-independent manner[@b42][@b43][@b44]. To elucidate whether lipidation was required for secretion of the 2 distinct populations of Wnt3a-associated vesicles, we next examined whether lipidation-defective Wnt3a would be secreted or not in these different forms from MDCK cells. When a lipidation-defective Wnt3a mutant (Wnt3a (S209A)), in which serine 209 was mutated to alanine[@b41], was expressed in MDCK cells, secretion of this mutant Wnt3a into either the apical or basolateral culture medium was barely detected in contrast to the wild-type Wnt3a ([Figs 1b](#f1){ref-type="fig"} and [4a](#f4){ref-type="fig"}, data not shown). Analysis by sucrose-gradient ultracentrifugation indicated that the mutation at S209 also eliminated exosome release of Wnt3a from the basolateral side ([Fig. 4c](#f4){ref-type="fig"}). In contrast, comparable expression of Wnt3a was still observed in the apical P100 pellet ([Fig. 4a](#f4){ref-type="fig"}). Further examination by sucrose-gradient ultracentrifugation showed that Wnt3a was present in fractions with densities of 1.24\~1.26 g/mL, similar to the case for wild-type Wnt3a. In addition, CD63 also co-fractionated with apical P100 Wnt3a ([Fig. 4b](#f4){ref-type="fig"}). These results thus indicated that specific lipidation was required for Wnt3a secretion via conventional exosomes from the basolateral side, but was dispensable for Wnt3a secretion associated with HD vesicles from the apical side.

Discussion
==========

Exosomes are considered as important vesicles for intercellular communication. They transport proteins, including cell signaling molecules and their receptors, as well as RNA, DNA, and lipids[@b1][@b2]. Accumulating evidence supports the heterogeneity of exosome populations, which differ in their biophysical properties and repertories of proteins and RNA[@b8][@b9][@b10][@b11]. Such a heterogeneity gives rise to further questions as to whether the release of distinct subpopulations of exosomes is regulated depending on differentiation or malignant status of cells as well as on cell polarity. Another important question is whether a particular cargo is selectively loaded onto a specific population of exosomes. In this study, we made 2 major findings regarding the heterogeneity of exosomes: One was that polarized epithelial cells actually released different populations of exosomes, or exosome-like vesicles, in a polarity-specific manner. The other was that Wnt, a cell signaling protein, was targeted to different populations of vesicles depending on the cell polarity. Furthermore, our results strongly suggest that a lipidation-dependent secretion machinery was specifically required for Wnt targeting to one subpopulation, but not to another, of vesicles. Based on these findings, we will now discuss the heterogeneity of exosomes and mechanisms for targeting Wnt cargo to different vesicles.

Previous studies indicate that sucrose-density ultracentrifugation can separate exosomes into different subpopulations. Under a condition where samples were loaded on the bottom, but not on the top, of a sucrose gradient and separated by 18 hrs of centrifugation at 100,000 xg, exosome markers were recovered into several distinct populations with different densities; one is similar to the typical density of exosomes (1.12--1.19 g/mL), and the other is higher than this density[@b8][@b11]. Of note, particles and materials detected in higher density pools equilibrate at the typical exosome density when centrifugation is performed for a longer period (62 hrs--72 hrs). These results indicate that cells release different subpopulations of exosomes showing different floatation behaviors. In this study, we first examined the heterogeneity of exosome populations released from polarized epithelial cells by performing sucrose-density gradient ultracentrifugation under the condition where distinct populations of the exosomes were able to be separated as described above. In this condition, we found that distinct populations of exosomes, or exosome-like vesicles, were selectively released depending on the apico-basal polarity. While basolaterally released exosomes were mostly recovered in fractions whose density was similar to the typical exosome density, apically secreted ones were fractionated into 2 populations showing either the typical exosome density or a higher density. Thus, it seemed plausible that different populations of extracellular vesicles could be detected when we carefully examined them by sucrose density-gradient centrifugation.

It has been proposed that epithelial cells secrete different populations of exosomes probably reflecting asymmetrical secretion along the apico-basal axis. Analysis of exosomal proteins secreted from organoids derived from a colon carcinoma cell line showed that molecules known to be apically or basolaterally trafficked in general show different degrees of abundance in these 2 distinct exosome populations[@b19]. On the other hand, in the present study, we directly compared exosomes, or exosome-like vesicles, secreted from apical and basolateral sides of polarized MDCK cells and observed an asymmetrical secretion of exosomal proteins. From the basolateral side, a Tsg101-enriched population with a density identical to that of typical exosomes was secreted (basolateral conventional exosome). On the other hand, 2 distinct populations of vesicles were detected in the conditioned medium collected from the apical side, i.e., a CD63-enriched high-density subpopulation (apical HD vesicle) and Flo2-enriched one with a typical exosome density (apical conventional exosome). Thus, while exosomes with a typical density were secreted from both apical and basolateral sides, those with a higher density, which probably displayed delayed floatation behavior, were specifically secreted from the apical side. As far as we know, this is the first direct indication that polarized epithelial cells actually release different populations of exosomes, or exosome-like vesicles, in a polarity-dependent manner.

In this study, we found that Wnt proteins were secreted in associated with 2 distinct types of extracellar vesicles: Wnt3a, as well as Wnt11, were secreted via high-density vesicles from the apical side, whereas Wnt3a was secreted via conventional exosomes from the basolateral side. The difference in physical property and protein compositions, as well as polarity in secretion, strongly suggest that the machineries involved in these 2 secretion processes appear to be different. Interestingly, studies on MVB sorting showed that distinct populations of intraluminal vesicles are formed in MVBs by both ESCRT-dependent and independent mechanisms 13-15 (upper). In this study, we showed that Tsg101, a member of the ESCRT complex, was specifically associated with the basolaterally, but not apically, secreted population of vesicles ([Fig. 2b](#f2){ref-type="fig"}). Thus, we may speculate that the formation of a basolaterally secreted population of Wnt-containing exosomes, which exhibit conventional exosome behavior in the ultracentrifugation, relies on the ESCRT-dependent sorting machinery to the MVB, although further analysis is required to determine their correlation.

This study also indicated that lipidation-dependency differs between these 2 secretion processes. In many cases of Wnt secretion, they require specific lipidation with mono-unsaturated fatty acid at an evolutionally conserved serine (S209 in mouse Wnt3a) by the acyltransferase known as Porcupine in the ER[@b41]. Upon lipidation, Wnt proteins become associated with a Wnt carrier protein called Wntless/Evi/Sprinter and are then escorted to the plasma membrane[@b45][@b46][@b47][@b48]. However, it was also shown that this secretion machinery is not required for Wnt secretion in some exceptional cases[@b44]. In this study, we showed that this machinery was specifically required for basolateral secretion, but not for apical secretion, of vesicle-mediated Wnt secretion. This result further supports an idea that these 2 different populations of Wnt-containing vesicles were distinctly formed. Interestingly, several studies indicated that exosomes carrying Wntless/Evi/Sprinter (Wls) are released from cells[@b23][@b26]. For instance, at the Drosophila larval neuromuscular junction, Wls-containing exosomes are released from presynaptic neurons. This release is required for the secretion of Wg, a Drosophila ortholog of Wnt1, indicating that a secreted Wnt is transported across synapses via Wls-associated exosomes[@b23][@b25]. Since the lipidation is essential for physical interaction of Wnt with Wls[@b49], the lipidation-dependency in basolateral secretion of Wnt-containing exosomes may suggest that Wnt is loaded onto basolateral exosomes via Wls, as proposed previously in synaptic transport of Wg. In other words, we can also say that the lipidation-independent loading of Wnt onto apical vesicles appears to be an unrevealed mechanism for Wnt secretion.

Finally, we should note that a significant amount of Wnt proteins secreted from the apical or the basolateral side of Wnt3a-expressing MDCK cells showed a higher density than those of conventional exosomes and HD vesicles, as they settled down to the bottom of the tube under sucrose density-gradient centrifugation. Since almost all free proteins and protein complexes settle down to the bottom under the same conditions of centrifugation, we speculate that a significantly abundant pool of Wnt proteins was also secreted as free proteins. Therefore, to gain our insight into polarity-dependent secretion of Wnt, it is also important to reveal the higher order structure and composition of this abundant pool of high density Wnt proteins, in addition to the Wnt proteins associated with exosomes.

Methods
=======

Cell culture and transfection
-----------------------------

MDCK II, HEK293, and L cells, all of which were kindly provided by Dr. M. Takeichi, were maintained in Dulbecco's modified Eagle's medium (DMEM) or in a 1:1 mixture of DMEM and Ham's F-12 medium supplemented with 8% fetal calf serum (FCS) and antibiotics. Polarized MDCK II cell cultures were established by plating the cells at 2 × 10^6^ cells in 100-mm Transwell filter chambers (Corning), and the cells were incubated for 7 days with a daily change of fresh culture medium. The integrity of the monolayer was verified by measuring the Trans-epithelial Electrical Resistance with a volt-ohm meter (Millipore). MDCK II and HEK293 cells stably expressing wild-type mouse Wnt3a, mutant Wnt3a (Wnt3a (S209A)) or wild-type mouse Wnt11 were established by transfection with wild-type Wnt3a, Wnt11 or Wnt3a (S209A) plasmid as indicated previously[@b50]. In these cells, Wnt genes were expressed under the control of the CMV promoter. Cells were selected and maintained in culture medium containing 400 μg/mL and 200 μg/mL G418, respectively. L cells stably expressing wild-type Wnt3a were established as previously described[@b41]. The supernatant from cultures of Wnt3a- or Wnt11-producing cells was prepared as previously described[@b50].

Antibodies and Western Blotting
-------------------------------

Monoclonal anti-Wnt-3a and anti-β-catenin were described previously[@b41]. Rabbit polyclonal antibody against Wnt11 (ab31962) and chicken polyclonal antibody against Calreticulin (ab14234) were purchased from Abcam. Mouse anti-Tsg101 (612697), anti-CD81 (555675), and anti-Flotillin-2 (610383) antibodies were purchased from BD Transduction Laboratories. Rabbit polyclonal anti-CD63 antibody (orb11597) was obtained from Biorbyt. Western blotting was performed according to a standard protocol. Mouse anti-Hsp70 (H5147) antibody was purchased from Sigma.

Isolation of P100 pellet
------------------------

The P100 pellet was isolated according to the procedure described previously[@b38]. Cells were cultured in culture dishes or transwells; and after having reached confluence, they were washed twice with PBS and then cultured in DMEM supplemented with 8% exosome-depleted FCS. After 48 h (Wnt3a-expressing L or HEK293 cell) or 24 h (Wnt3a-expressinbg MDCK cell) of incubation, the conditioned medium was collected and centrifuged at 2000 × g for 10 min at 4 °C to remove dead cells and then re-centrifuged at 10,000 × g for 30 min at 4 °C to remove cell debris. The supernatant collected at this step was referred to as S10. This S10 supernatant was collected and then centrifuged at 100,000 × g for 90 min at 4 °C to pellet the exosomes or vesicles that sedimented at this speed. The pellet, referred to as the P100 pellet, was washed once in a large volume of PBS and re-suspended in PBS or 20 mM HEPES for further analysis.

Sucrose density-gradient ultracentrifugation
--------------------------------------------

A linear sucrose gradient, 0.25--2.0 M sucrose in 20 mM HEPES at pH 7.4, as described previously[@b38], was prepared with a Gradient Master (BIOCOMP Model 107ip). Freshly prepared P100 pellet from either 400 mL of apical or basolateral culture medium was re-suspended in 1.1 mL of 2.5 M sucrose/HEPES solution and loaded onto the bottom of a sucrose gradient with a syringe. The gradient was then centrifuged at 100,000 × g for 18 h at 4 °C in a SW41 Ti rotor (Beckman Coulter). Fractions of 0.5 mL each were collected from the top of the centrifuge tube by using a Piston Gradient Fractionator (BIOCOMP). The density of individual fractions was calculated by use of a refractometer operated at 25 °C. The proteins were precipitated with trichloroacetic acid.

Wnt3a activity assay
--------------------

L cells (1.5 × 10^5^ cells) were introduced into 24-well culture plates on the day before the activity assay. After removal of the culture medium, 500 μL of control or Wnt3a-containing conditioned medium (S10, S100) or P100 pellet prepared from either 400 ml of apical or basolateral conditioned medium was dissolved in a final volume of 500 μL exosome-free DH10 medium and was added to the cells, which were then further incubated for 16 h. The cells were lysed in 50 μL of SDS-PAGE buffer and subjected to Western blotting to detect β-catenin protein, an indicator of Wnt3a activity.

Immuno-precipitation of exosomes
--------------------------------

For immunoprecipitation of exosomes, 4-μm-diameter aldehyde/sulfate latex beads (Molecular Probes) were incubated with anti-CD63 or goat IgG isotype control (Gene Tex) under gentle agitation at room temperature overnight, as previously described[@b40]. The P100 pellet isolated from apical MDCK conditioned medium was incubated with 1 × 10^5^ anti-CD63 or isotype control conjugated beads in 300 μL wash buffer (PBS containing 2% exosome-depleted FCS) overnight at 4 °C under gentle agitation. The reaction was then blocked by incubation with 300 μL of 200 mM glycine for 30 min on ice. Exosome-conjugated beads were sequentially washed 3 times with wash buffer, dissolved in 50 μL of SDS-PAGE buffer, and subjected to Western blotting for detection of Wnt3a and CD63.

Immuno-electron microscopy
--------------------------

PBS-suspended P100 pellets prepared from apical or basolateral medium were incubated with purified rabbit anti-mouse Wnt3a polyclonal antibody and then with a second antibody coupled to gold particles. Subsequently, the samples were adsorbed onto carbon-coated electron microscopy grids. Grids were observed with a JEM-1010 transmission electron microscope operated at 80 kV.
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![Wnt3a proteins were recovered into the exosome pool, P100 pellet, prepared from conditioned medium at the apical or basolateral side of MDCK cells.\
(**a**) Western blot analysis to examine relative amounts of exosome marker proteins, CD63, CD81, Tsg101, and Hsp70, recovered in P100 pellets of apical or basolateral medium of Wnt3a-expressing MDCK (MDCK-3a) cells. Equal amounts of P100 samples prepared from apical or basolateral medium were subjected to Western blotting. As standards, small amounts of cell lysates were also loaded. (**b**) The amounts of Wnt3a in S10 sup and P100 pellet from apical or basolateral medium of MDCK-3a cells, as well as the amount in the cell lysate, were analyzed by Western blotting. To compare the amounts of Wnt3a proteins between apical and basolateral media, an equal volume of S10 (10 μl each for apical or basolateral S10 pool) or equal amount of P100 (1/40 of P100 pellets prepared from 400 ml of apical or basolateral media) samples was loaded. In all MDCK cultures in this study, the same volume of medium was added to both apical and basolateral chambers. (**c--f**) Western blotting analysis for detection of activity and amount of Wnt proteins recovered in S10 sup, S100 sup or P100 pellet prepared from either the apical (**c**) or basolateral side (**e**) of MDCK cells. For monitoring of the Wnt3a activity, the amount of stabilized β-catenin induced by the addition of S10 sup, S100 sup or P100 pellet was quantified in L cells, in which β-catenin is undetectable without the addition of Wnt proteins (control; **c,e**). In parallel, the amount of Wnt3a used in this activity assay was analyzed (**c,e**). The amounts of β-catenin and Wnt3a in S10, S100 and P100, shown in (**c**) or (**e**), were quantified using Image J software. The ratios of β-catenin to Wnt3a level are indicated in numerical values relative to that in S10, which was set as 100 (**d,f**). The results shown are the mean ± S.D. from 3 independent experiments. Full-length blots are presented in [Supplemental Fig. S4](#S1){ref-type="supplementary-material"}.](srep35562-f1){#f1}

![Characterization of Wnt3a-containing vesicles secreted from apical or basolateral side of MDCK cells.\
(**a,b**) The P100 pellet of either apical (**a**) or basolateral (**b**) conditioned medium from Wnt3a-expressing MDCK (MDCK-3a) cells was subjected to 0.25--2 M continuous sucrose density-gradient centrifugation. Equal volumes of the collected fractions were analyzed by Western blotting to detect Wnt3a and several markers of exosomes, including Flotillin2 (Flo2), CD63, and Tsg101. In addition, contamination of the ER in the apical sample was examined by use of Calreticulin antibody. Distribution of Hsp70 in apical P100 fractionations is indicated separately in comparison with that of CD63. The results are representative of 4 independent experiments. (**c**) Immunoprecipitation analysis to detect Wnt3a in CD63-containing vesicles. The P100 pellet prepared from apically secreted conditioned medium was incubated with anti-CD63-beads or IgG isotype-beads, and the complexes on the beads were recovered and examined with anti- Wnt3a and CD63 antibodies. (**d**) Immuno-electron microscopy of Wnt3a-containing exosomes released into apical and basolateral media. Vesicles stained with anti-Wnt3a antibody and gold particle-conjugated second antibody were observed by transmission electron microscopy. Full-length blots are presented in [Supplemental Fig. S5](#S1){ref-type="supplementary-material"}.](srep35562-f2){#f2}

![Wnt11 is associated with the apical CD63-containing vesicle.\
(**a**) Detection of Wnt11 (indicated by the closed arrow) in culture supernatant (Culture Sup.) and in P100 pellets. MDCK cells expressing Wnt11 were cultured in transwells, and soluble Wnt11 in the culture medium was concentrated by use of Blue Sepharose. Then, concentrated samples were suspended in distilled water; and P100 pellets were prepared as described for Wnt3a. Arrowheads indicate the position of Wnt11 protein. Upper bands shown in culture sup. are non-specifically cross-reactive. (**b**) Sucrose density-gradient centrifugation analysis of Wnt11. The P100 pellet prepared from the apical side of Wnt11-expressing MDCK cells was further fractionated by sucrose density-gradient as was shown in [Fig. 2](#f2){ref-type="fig"}. Wnt11, Flo2, and CD63 were analyzed by Western blotting. (Full-length and smaller forms of CD63 are indicated by the closed and open arrow, respectively) Results shown are representative of 2 independent experiments. Full-length blots are presented in [Supplemental Fig. S6](#S1){ref-type="supplementary-material"}.](srep35562-f3){#f3}

![The lipidation site is essential for Wnt3a association with the basolateral exosome but not for association with the apically derived vesicle.\
(**a**) Western blot analysis of P100 pellets to detect recoveries of Wnt3a mutated at the lipidation site, Ser209, produced by MDCK cells. The amounts of Wnt3a in S10 sup and P100 pellet from conditioned medium, as well as the amount in the cell lysate, from MDCK cells expressing the lipidation site mutant Wnt3a (S209A), in which Ser209 was substituted to Ala, were analyzed by Western blotting. Comparative analysis with samples prepared from wild-type Wnt3a-expressing MDCK cells is shown in [Fig. 1B](#f1){ref-type="fig"}. (**b,c**) Sucrose density-gradient centrifugation analysis of the lipidation site mutant. The P100 pellet from either the apical (**b**) or basolateral (**c**) side of MDCK cells expressing the S209A mutant of Wnt3a was subjected to continuous sucrose density-gradient as in [Fig. 3](#f3){ref-type="fig"}. The amounts of Wnt3a, Flotillin2 (Flo2), CD63, and Tsg101 were analyzed by Western blotting. Results shown are representative of 3 independent experiments. Full-length blots are presented in [Supplemental Fig. S7](#S1){ref-type="supplementary-material"}.](srep35562-f4){#f4}
